ABSTRACT In this paper, a novel robust control scheme is developed for the trajectory tracking control purpose of cable-driven robots under complex lumped uncertainties. The proposed control scheme utilizes time-delay estimation (TDE) technique to obtain the lumped unknown system dynamics; and therefore ensures an attractive model-free advantage. A novel adaptive nonsingular fast terminal sliding mode (ANFTSM) manifold is designed considering its uncertainties, which is estimated by a newly designed adaptive law. Afterward, corresponding TDE-based ANFTSM control scheme is proposed. The proposed control scheme requires no system dynamics and therefore is easy to use in complicated practical applications benefitting from TDE technique. Meanwhile, high tracking accuracy and fast dynamical response can be effectively ensured using the proposed ANFTSM manifold. Stability of the closed-loop control system is proved through Lyapunov method. Finally, comparative simulations and experiments were conducted to demonstrate the superiorities of our proposed method over the existing ones.
I. INTRODUCTION
In recent years, cable-driven robots have attracted many scholars because of their unique characteristic [1] - [3] , such as light moving arm, good flexibility, and low power consu-mption, et al. Above-mentioned features are usually essen-tial for physical interaction with human, therefore cable-driven robots had been broadly used in medical care, exosk-eleton, flexible manufacturing and academic researches [4] - [7] . To effectively execute the pre-described tasks, high performance tracking control is required, which is still a challenging job for the cable-driven robots due to their inh-erent low stiffness and large nonlinearities [8] , [9] .
To guarantee high control performance of systems with flexibility, many scholars and engineers have been devoted in this field and several control schemes have been developed and studied [10] - [12] . In [13] , a novel adaptive sliding controller was proposed for a single-link robot with flexible joint. The proposed control scheme used backsteppinglike design to handle the mismatched issue, while utilized func-tion approximation method to obtain the uncertainties. To effectively control a flexible robotic arm, a stable statefeedback fuzzy control scheme was developed and investigated [14] . The control scheme was developed based on the neuro-fuzzy state-space model, and then a popular interiorpoint-based method was enjoyed to solve the stability condition problem. Afterwards, the asymptotically stable fuzzy controller was proposed. In [15] , a novel control scheme was proposed for the multivariable full-state tracking control of robots with elastic joints. The control scheme was developed based on a singular perturbation technique. Then, two decoupling control loops were enjoyed to provide satisfactory control performance. A sliding mode (SM) control scheme was proposed for the robust trajectory tracking control of robotic arm with flexible-joint with unmodeled dynamics [16] . Although good results had been reported with above-mentioned control schemes, they may not be suitable for complex practical applications due to the requi-rement of system dynamics or numerous of parameters for estimation algorithm.
Time-delay control (TDC), one of the most well-known model-free control schemes, can conquer above difficulties in a simple way. The core element of TDC is the time-delayed estimation (TDE) scheme, which utilizes only the time-delayed values of the system states to estimate the re-maining lumped system dynamics. Thanks to the fascinate-ing working mechanism of TDE technique, TDC is model-free and easy to use in complicated practical applications. Due to this attractive model-free nature, TDC scheme has been broadly utilized in many systems, such as robot mani-pulators [17] - [20] , underwater robots [21] , [22] , exoskeleton [23] , [24] , et al. On the other hand, the application of TDE technique also brings in estimation errors, i.e. TDE errors, especially when the systems contain abrupt time-varying dynamics. To enhance the control performance, robust control schemes are usually cooperated [25] - [28] , such as adaptive methods [29] , [30] , sliding mode (SM) control [31] , [32] , fuzzy logic control [33] , et al.
As one of the most important discoveries in the modern control theory, SM control has attracted lots of attentions [34] - [39] . The main idea of SM control is to force the system trajectories converge to a pre-described error dyna-mics (SM manifold), then confine and slide on it. Thanks to its inherent mechanism, SM control is easy to use and has strong robustness against lumped uncertainties. Thus, SM control and its variants had been widely used in TDE-based robust control schemes [40] - [43] . Recently, a novel TDE-based nonsingular fast terminal sliding mode (NFTSM) control scheme had been proposed for the tracking control purpose of underwater vehicle-manipulator systems [21] . Although exciting results had been obtained with above-mentioned control scheme, it still has two aspects to be improved: 1) the FTSM-type reaching law has to be adjust-ed to cooperate with the designed NFTSM surface, which, however, will lead to slow convergence speed when the system trajectories are far away from the equilibrium point; 2) the proposed NFTSM surface utilizes fixed parameters, and may not be suitable for complex practical applications. As widely demonstrated in existing works [18] - [21] , the convergence speed and tracking accuracy have great relati-onship with these parameters. Meanwhile, the application of fixed parameters may lead to control performance degen-eration when the system experiences abrupt dynamics.
In this work, above-mentioned issues bothering the existing NFTSM [21] have been suitably handled. A novel adaptive NFTSM (ANFTSM) surface is developed and stu-died, which uses a newly proposed adaptive law to timely and appropriately update the gains. Thanks to the utilization of adaptive gains, the proposed ANFTSM manifold can ensure good control performance than the ones with cons-tant gains. Afterwards, a novel TDE-based ANFTSM con-trol scheme is designed using the proposed ANFTSM sur-face, the FTSM-type reaching law and the TDE technique. The proposed control scheme is model-free and suitable for complicated practical applications thanks to TDE technique, and can provide high control performance benefitting from the developed ANFTSM surface and FTSM-type reaching law. In the meantime, the FTSM-type reaching law is no longer required to be adjusted; and therefore better control performance can be further ensured. Stability of the closed-loop control system is proved using Lyapunov stability theory. Finally, the validity of our proposed control scheme was demonstrated through comparative 2-DOFs (degree of freedoms) simulations and experiments.
Specifically, the contributions we try to make are: 1) to propose a novel ANFTSM surface which utilizes an adaptive algorithm to update the gains timely and appropriately based on the control performance; 2) to design a novel TDE-based ANFTSM control scheme, which is model-free and easy to use thanks to TDE technique and can ensure high performance due to the newly proposed ANFTSM surface with adaptive gains; 3) to prove the stability of the closed-loop control system considering the ANFTSM dynamics; and 4) to demonstrate the effectiveness and superiorities of the newly proposed control scheme through comparative simulations and experiments. The remainder of this paper is given as follows. Section II presents the main results and gives the TDE-based ANFTSM control scheme design. Afterwards, comparative simulation and experimental results are given in Section III and Section IV, respectively. Finally, Section V concludes this paper.
II. CONTROL SCHEME DESIGN USING TDE AND ANFTSM

A. DYNAMICAL MODEL OF A CABLE-DRIVEN ROBOT
The dynamical model of a cable-driven robot with n-DOFs can be expressed as [8] 
where θ and q are motor and joint position vectors, I and d m represent the motor inertia and damping matrices, τ and τ j stand for the control torques from the motors and joint compliance, m (q) , c (q,q) , g (q) , f (q,q) are the inertia and Coriolis/centrifugal matrices, gravity and friction vectors. τ d represents the lumped unknown uncertainties, while k p and k d stand for stiffness and damping coefficients. Substituting (2) into (1) and introducing a constant gainm, we can obtain the integrated dynamics as
with the lumped system dynamics h(t) defined as
As indicated in (5), h(t) mainly contains remaining motors and robot dynamics, and time-varying lumped uncertainties. It is obvious that h(t) is extremely complicated, highly nonlinear and strongly coupling. To be specific, the goal of this paper is to develop a suit-able control scheme such that high control performance can be obtained for the trajectory tracking control of cabledriven robots described by (4) . The developed control scheme should be simple, straightforward and easy to use in complex practical applications.
B. TDE TECHNIQUE
To achieve the goal of this paper, we must get detailed information of the element h(t), which, however, can be very difficult to accomplish as discussed above. Usually, adaptive schemes and intelligent methods are used to esti-mate such lumped uncertainties, but this may lead to obvi-ous complexities for practical applications due to the requirement of system dynamics or numerous estimation parameters. To fulfill above-mentioned expectations of the developed control scheme, we utilize TDE technique to obtain h(t) in a simple way as [17] - [21] 
where η stands for the delayed time.
It can be observed from (6) that TDE technique uses the intentionally time-delayed value of the lumped uncertaintyes to estimate its own current value. For most practical systems, such scheme is very effective since the delayed time can be selected sufficiently small [17] - [21] . Meanwhile, above TDE scheme should be further enhanced accordingly when large delayed time is used [22] .
Substituting (4) into (6), we havê
The element τ (t-η) can be easily achieved by delaying τ with η. Forq (t − η), if the system has acceleration or force sensors, it can be directly measured. However, lots of robots had no such sensors. Under this situation, the follow-ing numerical differentiation is applied as [21] 
where T 1 ≥ 2η. As shown in (8), extremely small factor η 2 will greatly enlarge the noise effect if no proper operations are taken. Smaller control parameterm or extra low-pass filters had been proved to be effective for above issue [17] - [21] .
C. TDE-BASED ANFTSM CONTROL SCHEME DESIGN
The TDE technique can obtain the lumped uncertainties h(t) in a simple and straightforward way, but it also brings in unavoidable estimation errors when the system experiences abrupt dynamics, such as Coulomb friction and time-varying external disturbance, et al. Therefore, to guarantee high tracking accuracy and fast dynamic response, we use the following NFTSM manifold
with ϕ (e) defined as
= |x| y sgn(x) is adopted for simplicity. λ 1 and λ 2 are positive control parameters, which will be further discussed afterwards. On the other hand, the parameters 0.5 < α i < 1,
Remark 1: The adopted NFTSM manifold (9)- (10) is similar with the one given in [44] and [45] with exception that sig (e i ) α i is utilized instead of the original elemente
. This is mainly to conquer the troubling issue that when e i < 0, e p i /q i i / ∈ R may occur [46] . Usually, the parameters λ 1 and λ 2 are selected as const-ants for the NFTSM manifold and similar choices for other sliding manifolds have been utilized for decades [13] , [17] - [21] , [44] , [45] . High tracking accuracy and fast dynamical response have been widely reported with this design. As demonstrated in [17] - [21] , [44] , and [45] , the control accuracy and convergence speed are directly related with λ 1 and λ 2 , i.e. larger ones may lead to better comprehensive control performance. On the other hand, inappropriately large λ 1 and λ 2 may also result in undesired dynamical performance in complex practical applications. To effectively settle this issue, we propose a novel adaptive algorithm for λ 1 and λ 2 : (12) where γ i , µ i , θ i are positive parameters, λ 1imin and λ 1imax are the minimum and maximum values of λ 1i which are usually tuned through simulations or experiments. Meanwhile, λ 1imid = (λ 1imin + λ 1imax )/2. As indicated in the newly designed adaptive law (12), λ 1 and λ 2 are naturally bounded. The parameter λ 1 will increase when the tracking accuracy is not satisfactory and then speed up the convergence rate, which in turn will bring in high tracking precision. Afterwards, λ 1 will decrease to ensure relative smooth system trajectories and control efforts. Then, better comprehensive control per-formance is ensured with above adaptive control parameters for the proposed ANFTSM manifold. Using the newly designed novel ANFTSM manifold, we can obtain satisfactory comprehensive control performance in the sliding phase. In the meantime, to achieve strong robustness and effective chatter suppression simultaneously in the reaching phase, we utilize the following FTSM-type reaching lawṡ
where ρ 1 and ρ 2 are positive control diagonal matrices, while 0 < β < 1 is a control parameter.
Therefore, the proposed ANTSM control is developed as
whereĥ represents the estimation of h(t) defined in (5).
To ensure the simplicity for practical applications, we utilize TDE technique to obtainĥ as given in (7). Then, the proposed TDE-based ANFTSM control scheme is given as
TDE scheme (15) As shown in (15) , the proposed method mainly contains three components, i.e. the TDE scheme, the FTSM-type reaching law and the injected ANFTSM dynamics. The TDE is applied to obtain the lumped system dynamics and ensure an attractive model-free control scheme. Meanwhile, the FTSM-type reaching law and injected ANFTSM dynamics are used to guarantee high tracking precision and fast dynamical response and strong robustness with complicated lumped uncertainties. Thanks to above-mentioned three components, high control performance can be effectively ensured for the cable-driven robots with large time-varying lumped uncertainties. Above claims will be verified throu-gh comparative simulations and experiments in following sections. Meanwhile, corresponding stability analysis is given in the appendix. The block diagram of our newly proposed control scheme is presented in Fig. 1 .
Remark 2: As shown in the appendix, the control error ensured by our proposed control scheme can be given as
}. It can be theoretically observed from above inequality that the adaptive law (12) has direct effect on the control accuracy through the gains µ i , λ 1i and λ 2i . When the control performance tends to degrade, the adaptive law (12) will increase the gains λ 1 and λ 2 , and then smaller control error will be ensured. On the other hand, when the control performance is relative satisfactory, the adaptive law (12) will decrease the gains λ 1 and λ 2 to obtain relative smooth performance. Thanks to the utilization of adaptive gains λ 1 and λ 2 , better control performance can be further ensured.
D. DISCUSSIONS
Recently, a novel TDE-based NFTSM control scheme had been proposed for the tracking control of underwater vehiclemanipulator systems, which is given as [21] 
with NFTSM surface defined as
whereλ 1 ,λ 2 , c 1 , c 2 are positive control parameters and they fulfill 1 < c 2i < 2, c 1i > c 2i . The notationsτ ,s are used to distinguish themselves from (14) and (9).
To use above NFTSM surface (17) , the FTSM-type reaching law (13) must be adjusted into the following forṁ
As shown in (18) , the element |ė| α 2 −1 may result in slow dynamical response. For example, when |ė i | = 0.04 and α 2i = 1.5, we have |ė i | α 2i −1 = 0.2 . Thus, the element |ė| α 2 −1 will lead to slow convergence speed in the reaching phase under the condition that |ė i | < 1. Contrarily, our proposed ANFTSM surface is free of this issue, therefore faster dynamical response can be effectively ensured during the reaching phase.
On the other hand, we can clearly observe from the NFTSM surface (18) and corresponding TDE-based NFSTM control scheme (17) that, constant control parameters have been used for the NFTSM surface, i.e.λ 1 ,λ 2 . This design has been widely used up to now and good results have also been reported with it for lots of systems [13] , [17] - [21] , [44] , [45] . However, fixed gains for the NFTSM surface may lead to control performance degra-dation when the lumped uncertainties changes. For compar-ison, our proposed ANFTSM surface enjoys a novel adap-tive algorithm for the parameters, which can update the parameters timely and accurately according to the control performance. Thanks to the newly proposed ANFTSM surface and corresponding TDE-based ANFTSM control, higher control accuracy and faster dynamical response can be ensured compared with the existing method (16) . The following simulations and experiments will effectively verify above claims.
Remark 3: Compared with the existing TDE-based control schemes [8] , [9] , [17] - [21] , [47] , [48] , et al, the proposed control scheme (15) utilizes a novel ANFTSM manifold with adaptive gains λ 1 and λ 2 . The utilization of adaptive gains for the sliding manifold will lead to better robustness and higher control accuracy than the ones with constant gains under complex uncertainties. Thus, the theoretical contributions can be emphasized as: 1) to propose a novel ANFTSM manifold with adaptive gains λ 1 and λ 2 ; 2) to design a novel TDE-based control scheme using the newly proposed ANFTSM manifold and FTSM-type reaching law.
III. SIMULATIONS A. SETUP
Comparative 2-DOFs simulations have been conducted to verify the effectiveness and advantages of our newly proposed TDE-based ANFTSM control scheme over the existing ones. The rigid dynamics for the cable-driven robots are directly taken from [17] , meanwhile the flexible parts are taken from [8] N·m/rad. Two simulations had been performed. In the first one, the cable-driven robot was controlled to track a given reference traje-ctory without measurement noise. Then, the measurement noise was brought into the system. For comparisons, four controllers had been simulated. The first one is our pro-posed one (15), referred as Proposed; the second one is our proposed one (15) with constant λ 1 and λ 2 , referred as Controller 2; the third one is TDE-based NFTSM control scheme given in (16) 
with NTSM surface designed as
where the parameters used in (19) and (20) are exactly the same with the ones used in (16)- (18) , and φ is the boundary layer. It should be noted that the FTSM-type reaching law element had been adjusted to ρ 1s + ρ 2 sat sig s β φ β in [48] for theoretical analysis. To make the comparison fair, the same adjustments had been made to all the other three control schemes. The control parameters for our proposed TDE-based ANFTSM control scheme are selected as α = diag(0.8, 0.8),
× diag(5,5). Meanwhile, the control parameters for the other three controllers are select-ed asλ 1 =λ 2 = diag(1,1), c 1 = diag(1.3,1.3), c 2 = diag (1.25, 1.25), the others are chosen exactly the same with ours. Furthermore, the sampling time is selected as 1 ms.
B. RESULTS
1) SIMULATION 1
To verify the robustness of our proposed control scheme against lumped uncertainties, a time-varying disturbance τ d = sin(πt) N·m is added to both joints. Finally, simulation results are given in Fig. 2-7 .
As shown in the simulation results, all four control schemes can provide good tracking control of the reference trajectory for both joints. High control accuracy and fast convergence and good robustness had been clearly obser-ved. Above results effectively demonstrate the validity of the TDE scheme (6)- (7), existing NTSM (20) and NFTSM (17) and our proposed ANFTSM (9) surfaces. Also, there are not any noticeable chatters in the simulation results, which effectively illustrates the chattering attenuation abi-lity of the adopted FTSM-type reaching law (13) . Mean-while, our newly proposed control scheme can still ensure the best comprehensive control performance as indicated in Fig. 3, Fig. 6 and Fig. 7 . Highest control precision and fastest dynamical response had been clearly observed with our proposed method compared with the other three. To further compare the control performance, we take Fig. 5 to analyze. Since we use θ = diag(1,1), thus λ 1 = λ 2 holds. It can be observed from Fig. 4 that, the parameters λ 1 and λ 2 increase when the control errors tend to increase, while they decrease otherwise. Thanks to this design, high accuracy and fast dynamical response had been obtained as shown in Fig. 6 and Fig. 7 .
2) SIMULATION 2
In this simulation, the measurement noise is considered based on Simulation 1. The band-limited white noise modu-le with noise power of 4 × 10 −8 and sampling time of 0.001 is used to simulate the measurement noise. Furthermore, the lowpass filter 1/(0.1s+1) is used to filter the noisy signal. The obtained results are given in Fig. 8-12 .
As shown in Fig. 8 , all four TDE-based control schemes can still ensure good tracking control performance for the cable-driven robots under the measurement noise, which strongly verifies the validity of the TDE in practical applications. Meanwhile, the control efforts become obviously much noisier compared with the situation without measurement noise as depicted in Fig. 4 and Fig. 9 . To smooth the control efforts in complex practical applications, smaller control gainsm or extra low-pass filters can be used [17] . In the meantime, no noticeable chatters have been observed in this simulation, which effectively verifies the chattering attenuation ability of the adopted FTSM-type reaching law (13) once again. On the other hand, our proposed TDE-based ANFTSM control scheme can still guarantee the best comprehensive control performance among all four control schemes as indicated in Fig. 8, Fig. 11 and Fig. 12 . The highest control accuracy, fastest convergence and strongest robustness have been clearly observed with our proposed control scheme under measurement noise compared with other three control schemes. Taking Fig. 10 for further analysis, we can see that the adaptive parameters λ 1 and λ 2 are almost free of the noise effect. This phenomenon is mainly caused by the novel designing of the adaptive law, which uses constant update rate γ i and defines tracking error e i as threshold value. Above results effectively verify the superiorities of our newly proposed control scheme over the existing ones.
Generally speaking, the high control accuracy and fast convergence have been clearly observed with our proposed control scheme through above two comparative simulations.
IV. EXPERIMENTS A. SETUP
To further demonstrate the effectiveness and superiorities of our newly developed TDE-based ANFTSM control scheme in practical applications, we performed comparative experiments using a newly designed cable-driven robot named Polaris-I as shown in Fig. 13 . The driven units of Polaris-I include Delta ECMA-CA0604SS servo motors, ASD-A2-042-L motor drivers, and planetary reducers with ratio of 1:10. Meanwhile, cable reducers with ratio of 1:3.3 are also utilized. For the motors, they have rated torque and speed of 1.27N·m and 3000rpm, respectively. VOLUME 6, 2018 Meanwhile, the encoders used in Polaris-I are E6B2-CWZ1X 2000P/R, which have resolution of 0.045 degree. Two comparative experiments had been conducted. First, Polaris-I was com-manded to track a given reference trajectory without any load using all four control schemes simulated before. Afterwards, an extra load of 0.5 kg was added to the end effector of Polaris-I to verify the robustness of our proposed control scheme.
The control parameters for our proposed TDE-based ANFTSM control scheme are selected as α = diag(0.8, 0.8), = diag(0.5, 0.5), γ = diag(0.8,1), µ = 10 −3 × diag(9,9),θ = diag (0.5, 0.5), λ 1min = diag(0.7,0.7), λ 1max = diag(1.5,1.5), ρ 1 = ρ 2 = diag(1,1), β = 0.8, φ = 0.2, η = 2 ms,m = 10 −2 × diag(1,1). Meanwhile, the control parameters for the other three controllers are selected asλ 1 = λ 2 = diag(1,1), c 1 = diag(1.3, 1.3), c 2 = diag(1.25, 1.25), the others are chosen exactly the same with ours. Furthermore, the sampling time is selected as 1 ms. Additionally, to further demonstrate the chattering attenuation ability of our newly proposed control method, another control scheme referred as Controller 5 was also experimented. Controller 5 is the same with our proposed control scheme except that it uses constant λ 1 and λ 2 with the maximum values given above.
B. RESULTS
1) EXPERIMENT 1
The obtained experimental results are given Fig. 14-Fig. 18 . On the other hand, the root-mean-square error (RMSE) and Maximum error (MAE) are also calcuated using the steady experimental data from 24s to 48s. Finally, corresponding results are given in Table 1 .
It can be observed clearly from Fig. 14 and Fig. 15 that all five TDE-based control schemes can ensure good track-ing of the reference trajectory, which effectively demonstr-ates the effectiveness of the TDE scheme (6)- (7), existing NTSM (20) and NFTSM (17) and our newly proposed ANFTSM (9) surfaces under complex practical applications. On the other hand, our proposed TDE-based ANFTSM control scheme can provide with the best comprehensive control performance as shown in Fig. 15 and Fig. 18 . The highest control accuracy and fastest convergence have been clearly observed from the experimental results, which in turn verify the effectiveness and superiorities of our newly designed ANFTSM surface (9) and corresponding TDE-based control scheme (15) over the other three. Furthermore, the control efforts in practical applications are a little noisy but bounded without any noticeable chatters as shown in Fig. 16 , which in turn demonstrates the effectiveness of TDE scheme and the chattering attenuation ability of the adopted FTSM-type reaching law (13) under practical applications. Taking Fig. 17 for further analysis, we can see that the adaptive parameters λ 1 and λ 2 increase when the control errors increase and then decrease otherwise. Also, they are free of the noise effect which is mainly due to the novel designing of the adaptive law (12) . Thanks to this novel adaptive mechanism, high control accuracy and fast convergence and effective suppression of noise effect can be obtained simultaneously.
To demonstrate the advantages of our newly proposed control scheme, we further analyze the experimental results of our proposed method, Controller 2 and Controller 5. As shown in Fig. 18 , Controller 5 seems to provide the highest control precision, Controller 2 shows relative the worst, while our control scheme ensures a precision between Controller 2 and Controller 5. This is quite reasonable, since Controller 5 uses the largest control gains λ 1 and λ 2 , while Controller 2 utilizes the smallest ones. But it can be clearly observed from Fig. 15-16 that chatters have occurred in Controller 5, which in turn will degrade the steady control performance. In the meantime, our proposed control scheme is free of these chatters and can ensure relative the best comprehensive control performance thanks to the adoption of adaptive law (12) . The chattering attenuation ability of our control scheme has been further enhanced with the proposed adaptive law (12) .
To make the comparisons accurate, we take the RMSE and MAE in Table 1 to analyze. First, we compare the experimental results of our control scheme with Controller 3 and Controller 4. It can be observed clearly that our pro-posed control scheme can provide higher accuracy than Controller 3 and Controller 4. This result effectively demo-nstrates the superiorities of our newly designed ANFTSM manifold (9) and corresponding TDE-based control scheme (15) over the existing ones. Second, we compare the experi-mental results of our control scheme with Controller 2 and Controller 5. It can be seen that Controller 5 seems to pro-vide the best control accuracy, Controller 2 ensures relative the worst, while ours guarantees a control accuracy between them. This result accords with the aforesaid analysis. Addi-tionally, we will compare the results of Controller 5 with our method for further analysis. For MAE, Controller 5 has ensured 20.2% and 6.3% improvement for joint 1 and 2 compared with our control scheme. However, our control scheme can guarantee even better RMSE than Controller 5. This phenomenon is mainly caused by the chatters gene-rated by Controller 5 as shown in Fig. 15 and Fig. 16 . Therefore, it is usually quite difficult to select proper constant control gains λ 1 and λ 2 for the control scheme. If the control gains are selected inappropriately small, such as Controller 2, the control performance may be unsatisfactory. On the contrary, if the control gains are chosen inappropriately large, like Controller 5, chatters may be generated. Fortunately, our proposed control scheme is free of this problem benefiting from the designed adaptive law (12) . Thanks to the utilization of adaptive mechanism, relative high control accuracy and chatter attenuation can be effect-tively ensured simultaneously.
Above experimental results have clearly demonstrated the superiorities of our proposed ANFTSM surface and corresponding TDE-based control scheme over the other four TDE-based control schemes in practical applications.
2) EXPERIMENT 2
To verify the robustness of our newly proposed control scheme, a 0.5 kg load was added to Polaris-I. Then, Polaris-I was controlled to track the same reference trajectory for Experiment 1. The obtained experimental results are given in Fig. 19-Fig. 22 . Also, the RMSE and MAE are calculat-ed VOLUME 6, 2018 using the steady experimental data from 24s to 48s and given in Table 2 .
As shown in Fig. 19-22 , our proposed control scheme can still ensure good tracking of the reference trajectory with a 0.5kg load. The control accuracy remains almost unchanged for both joints as shown Fig. 19, Fig. 22 and Table 2 . To be specific, the RMSE increases 0% and 6.3% for joint 1 and 2, respectively. Meanwhile, the MAE increa-ses 1.6% and 1.6% for joint 1 and 2, respectively. It should be noted that the weights of the last two links of Polaris-I are 2.5 kg and 1.2 kg, respectively. Therefore, strong robu-stness have been experimentally observed.
To conclude, the effectiveness and superorities of our newly proposed ANFTSM surface and corresponding TDE-based control scheme have been demonstrated thought above two comparative experiments. High control accuracy, fast convergence and strong robustness have been clearly observ-ed in the experiments.
V. CONCLUSION
For the high control performance of cable-driven robots under complicated lumped uncertainties, we proposed a novel TDE-based ANFTSM control scheme in this paper. The proposed control scheme utilizes TDE technique as its basic control framework to enjoy its model-free feature, and uses a newly proposed ANFTSM surface and a well-known FTSM-type reaching law to ensure high control accuracy and fast dynamical response. The proposed control scheme is simple, straightforward and easy to use in practical applications; meanwhile, it can still ensure high compreh-ensive control performance. The stability of the closed-loop control system is proved with Lyapunov's method. Finally, comparative simulations and experiments effectively demonstrate the superiorities of our newly proposed TDE-based ANFTSM control scheme over the existing ones.
In the future, we will try to further improve the control performance by synthesizing our proposed method with the fuzzy logic and neural network control schemes.
APPENDIX STABILITY PROOF
Lemma 1 [46] : For a Lyapunov function V (x) and its initial value V (0), the settling time for (21) is given as (22) 
The stability of the closed-loop control system will be briefly analyzed using the similar procedure from [21] and [48] . Substituting the developed control (14) into the integrated dynamics (4) yields ε =ë + λ 1ė + λ 2φ (e) +λ 1 e +λ 2 ϕ (e) + ρ 1 s + ρ 2 sig (s) β (23) where ε stands for the bounded TDE error and is defined as ε =m −1 δ = −m −1 ĥ − h . The boundedness of ε has been widely proved in the existing works [17] - [21] .
Select a Lyapunov function as
whereλ 1i = λ 1i − λ 1i max ≤ 0 is the adaptive error. Note that λ 2i is proportional to λ 1i and they utilize the same adaptive algorithm, therefore above Lyapunov candidate is efficient to describe the control system with two adaptive gains λ 1i and λ 2i . Additionally, we take the ith DOF to analyze for simplicity. Then, differentiate V i with respect to time yieldṡ
Then, the adaptive algorithm (12) is taken into consideration. Four cases will be analyzed.
Case One: λ 1i = λ 1imax , we haveλ 1i = 0, then (25) becomesV
Case Two: λ 1i = λ 1imin , we haveλ 1i = γ i . Considering λ 1i = λ 1imin − λ 1imax < 0, (25) can still be given as (26) .
Case Three: λ 1imin < λ 1i < λ 1imax , |e i | ≥ µ i , we havė λ 1i = γ i . Then, (25) becomes (26) .
Case Four: λ 1imin < λ 1i < λ 1imax , |e i | ≤ µ i , theṅ λ 1i = −γ i . After-wards, (25) can be given aṡ
For case four, the control error is already bounded as
Then, we will taking (26) to analyze. For (26) , it can be given as the following two formṡ
whereρ 1i = ρ 1i − ε i s i . Equality (30) can be further expressed as (31) when ρ 1i > 0, ρ 2i > 0 is satisfieḋ
Considering 0 < β < 1 and using Lemma 1, we can easily obtain the settling time as
Thus, the system trajectories will persistently converge to the pre-designed ANFTSM manifold under the situation ρ 1i > 0 and ρ 2i > 0. Then, |s i | ≤ |ε i | ρ 1i is ensured. Apply the same analysis procedure to (29) , we can easily obtain that |s i | ≤ |ε i | ρ 2i 1 / β . Finally, the sliding variable s i (9) will be enforced into following area within finite time
Afterwards, we will analyze the dynamical performance in/around the ANTSM manifold. Combining (9), (10) and (33), we have s i =ė i + λ 1i e i + λ 2i ϕ (e) i , |s i | ≤ i , i = 1 ∼ n. (34) Then, three cases will be analyzed with (34) . Case One:s i =ė i + λ 1i e i + λ 2i sig (e i ) α 1i = 0 is satisfied. In this situation, we can easily conclude that the tracking error e i ,ė i will be enforced to zero within finite time.
Case Two:s i = 0, |e i | ≤ i holds. In this situation, the tracking error e i is already bounded as |e i | ≤ i = e . Re-express the ANFTSM manifold (9)- (10) 
Substituting the definition of l 1i and l 2i into (36), we have
Case Three:s i = 0, |e i | ≥ i holds. In this situation, the proposed ANFTSM manifold (9) becomes s i =ė i + λ 1i e i + λ 2i sig (e i ) α 1i , |s i | ≤ i , i = 1 ∼ n (38) Equation (38) will be analyzed using above similar procedure and it can be further given in following two formṡ e i + (λ 1i − s i /e i ) e i + λ 2i sig (e i ) α 1i = 0 (39) e i + λ 1i e i + λ 2i − s i /sig (e i ) α 1i sig (e i ) α 1i = 0
Obviously, (39) still remains the developed ANFTSM form when λ 1i − s i e i > 0 is fulfilled. Therefore, the tracking error e i will persistently converge to following area in finite time (43) Finally, taking (27) into consideration, we have that
Finally, taking the results from all three cases to analyze, we can easily conclude that the tracking error e i will be forced into the area (44) within finite time.
